Cells induce a stress response to virus infection, which often includes expression of stress response proteins such as heat shock proteins (HSPs) (8, 35, 46, 50, 62) . HSPs play important roles in biological processes such as protein folding, translocation, and cell viability (15) . Several HSP families are expressed in mammalian cells, including Hsp110, -90, -70, -60, and -40 (15) . The cellular response to viral infection and the induction of HSPs depend on the infecting virus and the cell type. Although many viruses have been reported to induce a heat shock response, only a few cases have been thoroughly studied. For example, during influenza virus infection, a chaperone, Hsp40, is involved in regulating the p68 protein kinase (PKR)-mediated interferon response (17, 18, 41, 42, 64, 65) . Hsp40 forms an inhibitory complex with P58, an inhibitor of PKR in cells (41, 42) . During influenza virus infection, these inhibitory complexes are dissociated and the released P58 binds to PKR, blocks phosphorylation of the ␣ subunit of eukaryotic initiation factor 2, and stimulates protein synthesis in virus-infected cells (17) . Another study shows that human immunodeficiency virus (HIV) infection requires the chaperone cyclophilin A for growth (16) . Cyclophilin A binds to viral Gag protein and is incorporated into HIV virions during viral assembly (10) . Recently, it has been shown that Hsp40 is induced by adenovirus infection and that overexpression of Hsp40 rescues the growth of Gam-1 Ϫ mutant adenovirus (22) . Chaperone induction or association has also been observed in many other virus systems such as Sindbis virus, herpes simplex virus, Newcastle disease virus, and rotavirus; however, the detailed mechanisms of these interactions have not been determined (8, 20, 22, 35, 45, 51, 72) .
Vaccinia virus is an animal DNA virus with a wide host range that replicates in the cytoplasm of infected cells (14) . Previous studies indicate that transcription of Hsp70 is induced at 8 h after vaccinia virus infection (32, 61, 62) . However, vaccinia virus replication proceeds normally in a cell line deficient for Hsp70 expression, and overexpression of Hsp70 has no effect on the virulence of vaccinia virus in normal or immunocompromised mice (61) . Thus, Hsp70 does not appear to be important for the vaccinia virus life cycle. Hsp90 is a constitutive molecular chaperone present in eukaryotes and bacteria (39, 67) . Unlike Hsp70, Hsp90 does not act generally in nascent protein folding, and instead, it binds to substrate proteins that are in a near-native state and thus at a late stage of folding for activation by ligand binding or interaction with other factors (31) . The recently determined crystal structure of Hsp90 revealed that the N-terminal domain of Hsp90 binds ATP, which is consistent with the observation that ATP hydrolysis is required for the chaperone function of Hsp90 and for conformational changes involved in refolding protein substrates or client proteins of Hsp90 (53, 54) . Unlike Hsp70, which recognizes short hydrophobic peptide segments such as those exposed in nascent polypeptides, Hsp90 is more specific in targeting its protein substrates (7, 47, 58) . Most of its known substrates are proteins involved in signal transduction and cell cycle and transcriptional regulation (6, 7, 9, 30, 44) . Several viral proteins, such as reovirus sigma protein, simian virus 40 T antigen, and reverse transcriptase of hepatitis B virus, have also been identified as the protein substrates of Hsp90 (21, 28, 43) . So far, the exact structural features of the client proteins that are recognized by Hsp90 are not known (74) .
Geldanamycin (GA) is a benzoquinone ansamycin antibiotic from Streptomyces hygroscopicus and is a specific inhibitor of Hsp90 (69) . GA binds to the ATP-binding pocket on Hsp90 and interferes with its chaperone functions (7, 53, 54) . In the presence of GA, Hsp90 client proteins do not fold properly and are degraded by a ubiquitin-dependent proteosome path-way (60) . Therefore, GA has been widely used to determine whether a cellular process is regulated by Hsp90 (24, 29, 36, 59, 73) .
This study investigated the role of Hsp90 in the life cycle of vaccinia virus. The inhibitory effect of GA on virus production was studied in RK13 cells and allowed us to demonstrate the essential involvement of Hsp90 in vaccinia virus growth. The distribution of Hsp90 and of the associated protein complexes was analyzed in the virus-infected cells, and a viral client protein of Hsp90 was identified.
from intermediate and late promoters were harvested and total RNA was isolated for Northern blot analyses with a 32 P-labeled lacZ DNA fragment. Dot blot analysis for viral DNA replication. Viral DNA replication was detected by a modification of previously published procedures (13, 26) . In brief, RK13 cells were infected with vMJ360 at an MOI of 10 PFU per cell and harvested at various times in the absence or presence of 0.5 M GA. Cells were washed in phosphate-buffered saline (PBS) and lysed with digestion buffer (100 mM NaCl, 10 mM TrisCl [pH 8], 25 mM EDTA [pH 8], 0.5% SDS). The lysate was digested with proteinase K (100 g/ml) and extracted with phenol-chloroform, and total DNA was isolated by isopropanol precipitation. After RNase treatment, DNA samples were applied to nitrocellulose paper using a microsample filtration manifold (Schleicher & Schuell). The filters were hybridized with a 32 P-labeled 3-kb lacZ DNA fragment, washed, and autoradiographed. The experiments were repeated twice, and the resulting blots were scanned, quantitated, and averaged with a PhosphorImager (Molecular Dynamics).
Electron and confocal microscopy. RK13 cells were cultured in 60-mm-diameter dishes, infected with WT vaccinia virus at an MOI of 5 PFU per cell for 1 h, incubated with medium containing 0.5 M GA, and fixed at 24 h p.i. for electron microscopy as described previously (27) .
For confocal microscopy, HeLa cells were seeded on round glass slides in 12-well plates and infected with a recombinant vaccinia virus expressing A4L-ECFP at an MOI of 5 PFU per cell at 37°C for 1 h. The infected cells were incubated in media with or without 0.5 M GA for 12 and 24 h and fixed in 4% paraformaldehyde at 4°C for 20 min. Cells were rinsed in PBS three times and permeabilized in 1% Triton X-100 for 5 min and in 0.5% Tween 20 for 15 min. These cells were blocked with 1% bovine serum albumin-PBS for 60 min at 25°C and incubated with Abs against Hsp90 (SC-1057) at a dilution of 1:200 for 1 h and with Cy5-conjugated donkey anti-goat immunoglobulin G (Jackson ImmunoResearch Laboratories) for 1 h. Alternatively, these cells were incubated with Cy5-conjugated phalloidin (1:200) to stain intracellular actin. The samples were washed with PBS, mounted in 50% glycerol, and analyzed using a Zeiss LSM 510 confocal microscope.
Immunoprecipitation. Cells were infected with WT vaccinia virus at an MOI of 5 PFU per cell and incubated for 8 h. Cells were rapidly chilled on ice, washed twice with ice-cold PBS, and then lysed in lysis buffer (20 mM HEPES-KOH [pH 7.9], 5 mM EDTA, 10 mM EGTA, 5 mM NaF, 0.1 g of microcystine-LR/ml, 10% glycerol, 1 mM dithiothreitol, 0.4 M KCl, 0.4% NP-40, and protease inhibitors as follows: 5 g of leupeptin/ml, 5 g of aprotinin/ml, 5 g of pepstatin/ml, 1 mM benzamidine, 50 g of phenylmethylsulfonyl fluoride/ml) for 10 min on ice. Insoluble material was removed by centrifugation (10,000 ϫ g, 20 min, 4°C). Protein concentration of the cell lysate was determined using a bicinchoninic acid protein assay kit (Pierce), and an equal amount of protein was used in each experiment. Cell lysates were preincubated with protein A/G-Sepharose (Santa Cruz) for 2 h at 4°C and centrifuged. The supernatant was transferred to new tubes and incubated with either control Abs (antizyxin) or anti-Hsp90 Abs at a dilution of 1:200 for 12 h at 4°C. The immune complexes were subsequently incubated with protein A/G-Sepharose, washed five times with lysis buffer, and separated on an SDS-10% polyacrylamide gel. After electrophoresis, the gels were processed for silver staining as previously described (5) . The 65-kDa protein was excised out, and the identity was determined by mass analysis performed by EverNew Biotech. Alternatively, the immunocomplexes were separated by SDS-PAGE and subjected to immunoblot analyses with anti-Hsp90 (1:1,000) and anticore Abs (1:10,000) as described previously (49) .
RESULTS
GA inhibits growth of vaccinia virus in RK13 cells. GA is a specific inhibitor of Hsp90 that interferes with ATP binding and inactivates Hsp90 chaperone activity (69) . In the following experiments, GA was used to determine whether Hsp90 chaperone function is required during the vaccinia virus life cycle. The cytotoxicity of GA was tested in mock-infected RK13 cells treated with various concentrations of GA for 24 h. Figure 1A showed that cell viability was unaffected in medium containing GA up to 2.5 M, but cytotoxicity increased when the GA concentration was higher than 5 M. To determine the effect of GA on growth of vaccinia virus, cells were infected with WT vaccinia virus at an MOI of 5 PFU per cell and incubated in medium lacking GA or containing GA from 0.08 to 1.28 M. Cells were harvested at 24 h p.i., and titers of cell lysates were determined using a plaque assay (Fig. 1B) . The titer of intracellular mature virions (IMV) was reduced 10-fold in the presence of 0.08 and 0.16 M GA and 100-fold in the presence of 0.32 and 0.64 M GA. No further reduction of virus titer was seen even when the concentration of GA was increased to 1.28 M. Subsequent experiments were carried out using 0.5 M GA, a concentration at which the toxicity of GA for mockinfected or virus-infected RK13 cells was minimal. Titration of GA concentration for cell viability is critical, since different cell types may exhibit different ranges of drug toxicity. For example, BSC40 cells appeared more tolerant of GA and could survive at higher concentrations of GA than could RK13 and HeLa cells (Table 1) . This difference in GA toxicity may reflect the endogenous levels of Hsp90 in cells. Although GA did affect RK13 cell growth, it had a greater inhibitory effect on vaccinia virus growth ( Fig. 1C and D) . Vaccinia virus normally formed large plaques on confluent RK13 monolayer cells at 3 days p.i.; however, in the presence of GA only small plaques were produced (Fig. 1C) . Consistently, the titers of IMV grown in GA were reduced by 2 to 3 logs of magnitude (Fig. 1D ). Longer incubation times did not increase the plaque size or the virus yields, indicating that GA inhibition was not simply a 
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Hsp90 IS IMPORTANT FOR VACCINIA VIRUS GROWTH 1381 delayed phenotype. These results indicate that GA, a specific inhibitor of Hsp90, exerts an antiviral effect during vaccinia virus infection. The inhibitory effect of GA on virus growth is not limited to RK13 cells and was also observed on other cell lines such as HeLa and BSC40 cells (Table 1) . Thus, we conclude that GA inhibition reflects a general requirement for Hsp90 for vaccinia virus to grow in cultured cells. Since vaccinia virus IMV titer was significantly reduced in cells treated with GA, electron microscopy was used to investigate whether a particular stage of virion morphogenesis was interrupted by GA ( Fig. 2) . In untreated cells, numerous IMV as well as some immature virions (IV) were readily accumulated at 24 h p.i. (Fig. 2A) . At the same time, only a few IV associated with viral nucleoprotein mass were detected in GAtreated cells and no IMV were observed (Fig. 2B ). Many of these IV exhibited dark staining with a polarity, in contrast to the light and uniform staining normally seen for IV in the control cells. While so few IV and IMV were detected, the sizes and the numbers of viral crescents were also largely reduced, with no accumulation of other recognizable viral intermediate structures in GA-treated cells, indicating that an early phase of IMV morphogenesis was already affected by the drug.
GA interferes with viral intermediate and late but not early gene transcription. The above results indicate that either GA directly acts on virion assembly stage or it interrupts viral gene expression and consequently affects virion assembly. The effect of GA on viral gene expression at different stages of the vaccinia virus life cycle was investigated using recombinant viruses that contain reporter genes regulated by an early, intermediate, or late promoter (55) . RK13 cells were infected with each recombinant virus and incubated in medium with or without GA, and the kinetics of reporter gene expression was analyzed quantitatively (Fig. 3) . In the absence of GA, reporter activity was readily detected from early (E), intermediate (I), or late (L) viral promoters in virus-infected cells. In GA-treated RK13 cells, the kinetics and level of CAT reporter activity from an early promoter were similar to those for the control cells (Fig.  3A) . In contrast, the activity of ␤-Gal reporter protein expressed from an intermediate promoter was significantly delayed in GA-treated cells. In untreated RK13 cells, the reporter ␤-Gal activity reached half-maximal expression by 3 h p.i., but in GA-treated cells, half-maximal activity was delayed up to 6 h p.i. (Fig. 3B, left panel) . Furthermore, both the kinetics and level of ␤-Gal from a late promoter were clearly attenuated in GA-treated cells, reaching only 50% even at 24 h p.i. (Fig. 3C, left panel) .
In order to demonstrate that reduction of ␤-Gal activity was due to a blockage at transcriptional level, total RNA was prepared from GA-treated infected cells and the kinetics of the lacZ transcripts from intermediate and late viral promoters was analyzed by Northern blot analyses ( Fig. 3B and C, right panels). In parallel with ␤-Gal activity profiles, lacZ transcription from the intermediate promoter was significantly delayed and that from the late promoter was both delayed and reduced in GA-treated cells. Thus, GA interferes with intermediate and late viral promoter activities.
Delayed viral DNA replication in RK13 cells treated with GA. Viral DNA replication is essential for activation of intermediate promoters; thus, agents that block DNA replication, such as hydroxyurea or cytosine arabinoside, inhibit intermediate promoter activity (3, 33) . It is therefore possible that GA delays intermediate gene transcription as an indirect consequence of its inhibition of viral DNA replication. To examine this possibility, RK13 cells were infected with vaccinia virus, treated with GA, and harvested at different time points to quantify viral DNA replication using dot blot analysis (Fig.  4A) . In untreated cells infected by vaccinia virus, viral DNA replication initiated at 2 h p.i., continued synthesis between 2 and 6 h p.i., and became saturated at approximately 8 h p.i. (Fig. 4B) . The kinetics of viral DNA replication is consistent with previous reports (26) . Interestingly, in cells treated with GA, viral DNA replication was significantly delayed and reached roughly 70% at 10 h p.i. This result suggests that GA delays onset of viral DNA replication and may explain the delayed activation of intermediate and subsequent late viral promoters in GA-treated cells.
Hsp90 is not induced after vaccinia virus infection and not incorporated in IMV.
The results described above suggest that Hsp90 is essential for vaccinia virus growth in cells. Hsp90 forms complexes with different cochaperones and facilitates conformational maturation of specific proteins. To understand the role of Hsp90 in the virus life cycle, examination of endogenous Hsp90 expression in virus-infected cells becomes necessary. Because our Ab recognizes human Hsp90 and does not cross-react with a rabbit Hsp90 homologue in RK13 cells, we therefore used HeLa cells in all subsequent experiments. Besides, from the data in Table 1 we know that GA inhibition is not cell type specific, so the information that we obtain from HeLa cells should be applicable to other cells as well.
HeLa cells were infected with vaccinia virus at an MOI of 5 PFU per cell and harvested at different times for Western blot analysis (Fig. 5) . The level of Hsp90 was not induced by vaccinia virus and remained relatively constant up to 4 h p.i. At 24 h p.i., Hsp90 migrated slightly faster on SDS-polyacrylamide gels, but the reason was not known. A minor increase of Hsp70 expression was noticed early after infection, but an increase of the control actin protein was also observed. Thus, no significant induction of Hsp90 and Hsp70 was detected after vaccinia virus infection. Furthermore, unlike cyclophilin A, which is packaged into HIV virions, Hsp90 and Hsp70 were not incorporated into vaccinia virus particles and were not detected in purified IMV (Fig. 5 ). Viral late H3L protein served as a positive control and was present in virus-infected cells and purified virions as expected (38) .
Subcellular distribution of Hsp90 is altered and transiently colocalized with virosomes in infected cells. The intracellular localization of Hsp90 was examined in uninfected and virusinfected HeLa cells under a confocal microscope (Fig. 6 ). Since vaccinia virus A4L protein is an abundant core protein known of GA, and processed for electron microscopy as described previously (38) . Panels A and B are ϫ3,000 magnifications, and the panels at right are higher magnifications (ϫ30,000) of the boxed areas in panels A and B.
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on October 30, 2017 by guest http://jvi.asm.org/ to be present on incoming cores, virosomes, and virion progeny, staining of A4L protein in cells will faithfully reflect these viral structures in infected cells (49, 57) . For technical convenience, we used a recombinant vaccinia virus that expresses A4L core protein fused to an ECFP to facilitate a direct visualization of virosomes and intracellular virions in virus-infected cells (Fig. 6g, k, and s) . In mock-infected cells, Hsp90 was distributed throughout the cytoplasm but was specifically excluded from the nucleus (Fig. 6b) . In virus-infected cells, the cytoplasmic staining of Hsp90 was altered and some areas of stronger fluorescence staining were observed at 12 h p.i. (Fig. 6f) . These strongly staining regions became partially overlapped with intracellular virosomes near the nuclear periphery (Fig. 6f to h ). Translocation of Hsp90 toward the peripheral region of virosomes is specific, since other cellular proteins such as actin did not accumulate at virosomes (Fig. 6r to t) . At 24 h p.i., many infected cells harbored large numbers of intracellular virions that spread throughout the cytoplasmic area; however, no colocalization of Hsp90 with virions was seen (Fig. 6j to l) . Thus, distribution of Hsp90 is consistent with the data in Fig. 5 indicating that Hsp90 is not present in IMV. In conclusion, translocation of Hsp90 around virosomes in infected cells indicated that it plays a transient role during vaccinia virus replication in cells.
Interaction of Hsp90 with viral core protein 4a in virusinfected cells. Confocal microscope analysis indicated that Hsp90 interacts with virosomes in infected cells. To extend this biological observation further, coimmunoprecipitation experiments were performed to determine whether Hsp90 interacts with any viral protein in virus-infected cells. Cell lysates were prepared from mock-infected, virus-infected, or GA-treated infected cells, and the Hsp90-containing immunocomplexes were analyzed on SDS-10% polyacrylamide gels (Fig. 7A) . A protein of approximately 65 kDa was specifically immunoprecipitated from virus-infected but not from mock-infected cells, indicating that it could be a viral gene product. The 65-kDa protein was excised from the gel and used for peptide mass analysis. The protein sequence database was searched with the resulting peptide mass data, and we identified the 65-kDa protein as vaccinia virus core protein 4a, a processed form of p4a that is encoded by the A10L gene (Fig. 7B) (23) .
In order to confirm that the interaction of Hsp90 and core protein 4a is specific, we obtained an anticore Ab that reacts with 4a-4b core proteins that are present on purified viral cores (49) . Cell lysates were first subjected to immunoprecipitation with control Ab or anti-Hsp90 Ab, and the immunocomplexes were analyzed by Western blot analyses with the anticore or anti-Hsp90 Abs, respectively (Fig. 7C) . It is clear that antiHsp90 Ab, but not the control Ab, specifically immunoprecipitated Hsp90 from infected-cell lysates. More importantly, a 65-kDa protein that was recognized by the anticore Ab was present only in virus-infected cells and not in mock-infected cells. The immunoreactivity of the 65-kDa protein was consistent with our peptide results in Fig. 7B and demonstrated that Hsp90 binding to core protein 4a is not an artifact generated from nonspecific interaction of Abs with infected-cell lysates. (32, 61, 62) . One report showed a dramatic induction of Hsp70 after vaccinia virus infection of primary macrophages at 12 h p.i. (32) . Another study showed that vaccinia virus grows in cells that do not express Hsp72 and that overexpression of Hsp72 in these cells does not increase virus titers (61) . In our experiment, Hsp70 was not induced after vaccinia virus infection from 30 min up to 24 h p.i., although it was easily induced in 15 min after heat treatment. The discrepancy between our results and previous data may be due to different cell types in use.
DISCUSSION

Previous studies of HSPs in vaccinia virus infection indicate that Hsp70 and Hsp72 are dispensable
This study demonstrates that Hsp90 is essential for vaccinia virus growth in cells. Our conclusion is based on the evidence that GA strongly inhibits vaccinia virus growth in several cell lines. The advantages of using GA in experiments are several. First of all, it has a well-defined chemical structure, a benzoquinone ansamycin moiety; specifically binds to Hsp90, as documented elsewhere (63, 74) ; and is easy to obtain commercially (69) . Crystal structure analysis of the Hsp90 complex with GA revealed that GA binds to the nucleotide-binding pocket within the N-terminal domain of Hsp90 (53, 54) . Most importantly, numerous studies have shown that GA specifically interferes with Hsp90 chaperone functions, making GA a convenient and reliable reagent to assess Hsp90 functions in various biological systems (12, 24, 29, 36, 73) . In our analysis, although we favor the interpretation that GA inhibition of vaccinia virus growth reflects an essential role of Hsp90 in the virus life cycle, we cannot completely exclude the possibility that GA also inhibits other targets in virus-infected cells. More work is needed to clarify this issue in the future.
One objection to using inhibitors like GA is that, despite specific targets being known, these drugs could be pleiotropic due to cytotoxicity, which could complicate the interpretation of data. To avoid such problems, we carefully titrated drug concentrations on freshly confluent cells so that monolayer cells remained viable up to 3 days. At the same time, virus plaques growing on these drug-treated cells became very small and difficult to visualize. Thus, we conclude that, while GA exhibits minimal toxicity to cells, it blocks virus growth to a great extent.
An alternative way to demonstrate the effect of GA on vaccinia virus growth is to use a genetic approach. Genetic selection for mutant cells that are resistant to GA would complement the above approach that we used. If vaccinia virus growth in GA-resistant cells is blocked, it demonstrates that the cellular target of GA is genetically linked with the cellular activity necessary for vaccinia virus growth. However, selection for such resistant cells could be difficult, since it would be for the Hsp90 null mutation, which is lethal in eukaryotes (74) . Indeed, there was one report describing a breast cancer cell line which, after continuous passage in GA-containing medium for 6 months, was adapted in 0.1 M GA but, nevertheless, remained sensitive to GA at higher concentrations (4). Therefore, a genetic approach to isolate GA-resistant cells, though sound in theory, may not be feasible.
GA does not inhibit early events such as viral early gene expression. However, GA delays viral DNA replication and therefore slows down intermediate viral gene transcription. GA also inhibits viral late gene transcription, which may be an indirect effect, since vaccinia virus regulates gene transcription through the cascade mechanism. Similarly, because most structural proteins are expressed to lesser extents virion assembly could simply be halted due to a lack of building blocks. Since in all our experiments GA was added to cells immediately after virus infection and remained in the medium throughout the virus life cycle, these analyses revealed viral DNA replication only as the earliest stage at which the Hsp90 function became rate limiting for virus growth.
There are two possible mechanisms to explain the above GA inhibition of viral DNA replication. One possibility is that Hsp90 is required for proper folding and maturation of enzymes in the viral DNA replication machinery; thus, in the presence of GA, the viral replication machinery may include misfolded proteins and therefore be defective. However, this possibility seems unlikely, since viral DNA replication is delayed but otherwise fully active in GA-treated cells. Alternatively, Hsp90 may regulate uncoating events such as conformational alterations of viral core proteins so that they could be released from the viral genome and the viral DNA would become accessible to the replication machinery. Such conformational change of core proteins is slowed down when GA is present, resulting in delay of DNA replication. As we discuss below, we prefer the latter hypothesis, since our results showed that Hsp90 binds to core protein 4a.
Hsp90 is localized in the cytoplasm of uninfected cells. Although the protein level of Hsp90 is not induced in virusinfected cells, its distribution changes. Some staining of Hsp90 seems to concentrate around cell edges early after virus infection. Most interestingly, Hsp90 interacts with virosomes where active DNA replication occurs. By confocal microscopy, consecutive sections of Hsp90 images in infected cells were reconstructed in three dimensions. These images nicely reveal that the location of Hsp90 on virosomes is concentrated on their outside surface toward the cytosolic face (data not shown). Such colocalization of Hsp90 with virosomes is not observed when GA is added, indicating that such association is related to the functions of Hsp90. The colocalization is transient and appears to be restricted to certain stages of virosomes. For example, in Fig. 6h there are four virosomes coated with Hsp90 in a single cell. These virosomes have clear boundaries with no release of virus particles. However, the only virosome with much less Hsp90 costaining is surrounded by scattering virus particles. This implies to us that after virus infection Hsp90 is recruited to virosomes and remains associated. This association is transient, and Hsp90 disappears when virosomes mature to produce virion particles. Indeed, at 24 h p.i. when numerous IMV were produced no colocalization of Hsp90 with IMV was seen in infected cells. Consistently, no Hsp90 was detected in purified IMV particles. Translocation of Hsp90 to virosomes is not simply a nonspecific crowding of cytoplasmic protein at virosome borders, since other cytoplasmic proteins such as actin do not show a similar staining pattern. It is interesting to speculate on the molecular mechanism that regulates Hsp90 
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Hsp90 IS IMPORTANT FOR VACCINIA VIRUS GROWTH 1387 translocation, which could be mediated by microtubules. Recently, the literature has reported a direct interaction of Hsp90 or its homologues with microtubule components in vitro as well as in cells (11, 12, 19, 56) . From these observations, we reasoned that Hsp90 should interact with viral proteins on virosomes in infected cells, and when such interaction is interrupted by GA, the virus life cycle is blocked. Coimmunoprecipitation experiments revealed that viral core protein 4a is specifically associated with Hsp90 in virus-infected cells, although such an association could be indirect.
Core protein 4a is processed from a precursor core protein, p4a, which is encoded by the viral A10L gene (71) . p4a protein is 102 kDa in size and is cleaved at sites between amino acids (aa) 614 and 615 and aa 697 and 698 to generate core protein 4a and p25, respectively (66, 68) . Both p4a and 4a proteins interact with A4L protein during virion morphogenesis (57) . A recombinant virus that expresses the A10L gene under isopropyl-␤-D-thiogalactopyranoside (IPTG) regulation indicated that core proteins p4a-4a are important for virion morphogenesis (25) . Since we showed that Hsp90 is translocated to virosomes in infected cells, the relationship of such movement with core protein 4a and morphogenesis could be further explored with this virus. For example, when cells are infected with the IPTG-regulated A10L virus, in the absence of IPTG, we expect that Hsp90 will remain cytoplasmic. This result will demonstrate that expression of core protein 4a is critical for Hsp90 translocation in infected cells.
Core protein 4a was also suggested to have some roles in viral core penetration immediately after membrane fusion. Core protein 4a forms intermolecular disulfide bonds in the virions that become reduced during virus penetration into cells, suggesting a major conformational change of core protein 4a on incoming cores (40) . Furthermore, core protein 4a was shown previously to mediate binding of viral cores to microtubules in vitro (52) . These two properties of core protein 4a were of particular interest to us since data from GA inhibition experiments suggested a role for Hsp90 in viral core uncoating. One explanation is that Hsp90 facilitates core protein 4a structural alteration that couples with initiation of DNA replication. Another, more interesting, idea is that Hsp90 binding to core protein 4a also involves microtubules, reflecting a role of Hsp90 in regulating intracellular trafficking of incoming cores. Previously, Hsp90 interaction with microtubules was shown to be important for intracellular transport of its substrate proteins such as glucocorticoid hormone receptor complexes that translocate from the cytosol to the nucleus (1, 37). As for the similar short-range trafficking of viral cores along microtubules, binding of core protein 4a to Hsp90 might be a direct mechanism for linking the incoming viral cores to the molecular motors for movement toward the microtubule organization center at the perinuclear region. If this is true, we would expect that Hsp90 would colocalize with incoming cores as well as microtubule components prior to DNA replication in cells. Unfortunately, we could not visualize the transport of incoming cores in cells under confocal microscopy due to the fact that A4L-ECFP fluorescence of the viral cores was too weak to be detected. Thus, the significance of microtubule association remains a hypothesis and needs to be tested in the future.
If Hsp90 indeed affects virus growth via its interaction with core protein 4a, how do we explain the fact that the IPTGregulated A10L virus exhibits a mutant phenotype different from that of WT virus under GA treatment? We think the apparent discrepancy is due to the limitation of individual methods in use. The IPTG-regulated A10L recombinant virus revealed the essential role of newly synthesized p4a-4a in DNA packaging into nucleoprotein complexes during assembly, whereas GA is added in medium immediately after viral infec- tion and affects functions of the existing core protein 4a at the early phase. The IPTG-regulated A10L mutant virus cannot be used to address functions of core protein 4a at the early phase, since the A10L gene is essential and mutant virions devoid of core 4a will not be formed (25) .
Hsp90 forms discrete subcomplexes in cells and interacts with more than 10 cochaperones before binding to its client proteins (7) . Some cochaperones contain a conserved tetratricopeptide repeat (TPR) for binding to Hsp90 (48) . TPR is a degenerate 34-aa repeated motif that forms an amphipathic ␣-helix to mediate protein-protein interactions and is present on proteins with diverse functions (34) . We found no TPR-like sequences on core 4a protein or other vaccinia virus open reading frames, indicating that core protein 4a may directly interact with Hsp90 via a novel, unidentified region. Alternatively, core protein 4a binding to Hsp90 could be indirect and mediated by other cellular components present in Hsp90-containing complexes.
The finding of Hsp90 association with core protein 4a may have influence on cell biology as well. First of all, the association of Hsp90 with tubulin is important for microtubule stability (11, 12, 19, 56, 70) . However, vaccinia virus infection was shown elsewhere to induce reorganization of microtubules and disruption of the centrosome in a fashion reminiscent of overexpression of microtubule-associated proteins (MAPs) (52) . Furthermore, vaccinia virus proteins A10L and L4R were shown previously to have MAP-like properties and to mediate direct binding of viral cores to microtubules in vitro (52) . Whether binding of core protein 4a to Hsp90 also leads to reduction of microtubule stability in infected cells remains an interesting possibility. HSP interactions with viral structural proteins are not without precedents. In cells infected by adenovirus, Hsp70 and Hsc70 proteins were associated with hexon, the major adenovirus capsid protein, soon after virus penetration into cells (45) .
Viruses must evolve a delicate balance with their host cell in order to survive and proliferate. Viruses with large genomes, like vaccinia virus, could encode more essential functions and thereby gain more autonomy, but these viruses are not economical. In contrast, viruses with small genomes are more restricted by host cell activity in order to replicate. Nevertheless, all viruses depend on cells for crucial steps in their life cycles. Thus, the identification of cellular factors that play essential functions during virus replication is critical to understanding viral biology and cellular pathological response. This report demonstrates that Hsp90 is essential for vaccinia virus growth, and perhaps by diverting Hsp90 to viral substrates, such as core protein 4a, virus could pirate cellular factors and take advantage of host resources that normally are regulated by Hsp90. It is possible that many such cellular factors are present in cells and remain to be identified.
